Information about consumer welfare effects associated with quantity changes in demand is important for agricultural and food policy decision-makers because many policy options are directly related to controlling supplies as a means to stabilize or raise commodity prices and farmers' income. A new method is developed to measure the consumer welfare effects by using the estimates of an inverse demand system and a modified quantity-adjusted Malmquist index to represent the efficiency in quantity metric welfare. The methodology is validated by applying it to a U.S. inverse food demand system consisting of 13 food groups and a nonfood sector.
The consumer welfare effects of quantity changes in demand are important information for agricultural and food policy decision-makers because many policy options are directly related to changes in quantities available in the market. The initiatives of some public regulatory agricultural policies and programs are geared toward controlling supplies for stabilizing or raising commodity prices and farmers' income. Some examples are a government acreage control program, the stabilization programs of storable crops, and marketing agreements that restrict availability through quotas. Also, agricultural economists such as Fox (1953) , Houck (1965) , and Waugh (1964) have long recognized that lags between farmers' decisions on production and commodities marketed may predetermine the quantities with price adjustments providing the market-clearing mechanism. Therefore, quantities rather than prices in an inverse (price-dependent) food demand system are appropriate instruments in some situations for evaluating agricultural policy and programs that affect consumer welfare.
Most studies of consumer welfare, however, concern the welfare effects of price changes. Examples can be found in Devadoss and Wahl (2004) , Freund and Wallich (1996) , Huang (1993) , Huang and Huang (2012) , and Tolley, Thomas, and Wong (1982) . Thus far only a few studies have proposed measuring consumer welfare in response to quantity changes in demand. One example is Kim (1997) , who used an AIDS (Almost Ideal Demand System) type distance function to measure compensating and equivalent variations of expenditures for quantity changes. Another example is McLaren and Wong (2009) , who applied a benefit function originated by Luenberger (1996) to examine consumer welfare associated with quantity changes.
In light of sound theoretical reasoning as explored in Hicks (1956) , an inverse demand system is desirable for measuring the consumer welfare effects of quantity changes, an area in which research has been relatively sparse. In contributing to fill this gap in literature, a method is developed for evaluating the consumer welfare effects by applying the Malmquist (1953) quantity index to represent the efficiency in quantity metric welfare. The Malmquist quantity index has been extensively used in index numbers and tax analysis but in few applications to welfare analysis. The major research effort of this study is empirical modeling of the conceptual Malmquist quantity index with a linkage to an inverse demand system that serves as a framework for welfare measurement. The developed methodology is then validated in evaluating the consumer welfare effects of quantity changes for some food groups in a U.S. inverse food demand system, which consists of 13 food groups and a nonfood sector.
Methodology
The Malmquist quantity index has been modified in this study for empirically measuring the consumer welfare effects of quantity changes in demand. Some basic concepts of the Malmquist quantity index and their relationships to a distance function are explained first. Then the focus is on developing a linkage between the modified Malmquist quantity index and an inverse demand system for consumer welfare measurement.
Malmquist Quantity Index
A distance function, d(u, q), on utility u and quantity vector q gives the amount by which q must be divided to bring it onto the indifference curve u. Mathematically, the distance function is defined by the following equation:
(1) u 5 u q d (u,q) Because the distance function is dual and symmetrical to the cost function c(u, p ), the distance function can be rewritten as finding a price vector p that will minimize the ratio of expenditure ( p 9 q) to cost function c(u, p):
Therefore, similar to the cost function being used widely for measuring the welfare effects of price changes, the distance function can be used to measure the welfare effects arising from quantity changes (Deaton, 1979) . By using the concept of distance function, the commonly known Malmquist quantity index (MQ) is defined as the ratio of two distance functions d(u ) to represent the constant utility quantity index for quantity changes from q 0 to q 1 while both the quantity vectors are scaled down to provide the consumer with a given utility level u 0 as follows:
A graphic presentation of the Malmquist quantity index for the quantity vectors q 1 and q 0 with a given utility level u 0 is shown in Figure 1 Thus, the Malmquist quantity index MQ can be regarded as a measure of efficiency in quantity metric welfare (Deaton, 1979) . If MQ is greater than one, it implies an inefficiency to achieve the same utility level as that achieved before the quantity changes from q 0 to q 1 and thus a decrease in consumer welfare. By contrast, if MQ is smaller than one, it implies an increase in efficiency and thus a gain in consumer welfare. Therefore, the quantity-adjusted MQ is a proper consumer welfare indicator to represent that a change in efficiency is needed to achieve the same utility level after the quantity changes. By assuming separable distance functions or homothetic preferences, the Malmquist quantity index is independent of the reference utility level, and thus it is easily computable by using only observed data (Chambers and Färe, 1998) .
Empirical Modeling
For empirical modeling of the Malmquist quantity index for consumer welfare measurement, the quantity index is modified in the following two ways to provide some analytic advantage. First, the quantity index is specified as a difference form between two distance functions and is far better suited to a linear inverse demand system implemented in this study than a ratio form as shown in equation (3). Second, because the distance function in the quantity index is expressed as a normalized index number, the notion of compensating variation in expenditures is adopted in this study by multiplying the expenditures in the base period, (p 0 9 q 0 ) by the distance functions and obtaining a nonnormalized monetary measure of consumer welfare. All subscripts of variables and summation throughout this report refer to a total of n commodities in a demand system; that is, the variable index i or j representing 1, 2, ÁÁÁÁÁÁ, n.
Accordingly, the modified Malmquist quantity index (MQ*) is defined as follows:
For a given utility level u , in which the compensated prices can be measured from an estimated inverse demand system. Accordingly, the MQ* can be expressed as follows:
By defining dq 5 q 1 -q 0 as a vector of quantity changes, and dp h 5 p h (u 0 , q 1 ) -p 0 as a vector of compensated price changes, equation (7) for MQ* is then transformed into the following equation:
Given the initial quantities q 0 , prices p 0 , and various scenarios assigned for the quantity vectors of q 1 and dq, the question for computing MQ* is how to determine the amount of changes in compensated prices dp h . For an estimated compensated inverse demand system, the changes in the compensated prices of the ith good dp i h can be measured as a function of quantity changes (dq j ) as follows:
where f ij *s are the compensated price flexibilities of the ith commodity with respect to a quantity change of the jth commodity. Thus, all estimated direct-and cross-price flexibilities representing the interdependent relationships of an inverse demand system are incorporated into a consumer welfare measurement. The compensated price flexibilities ( f ij *'s) of equation (9) can be estimated from an inverse demand system as developed by Huang (1988) , in which a differential form compensated inverse demand system is specified as follows:
where r i is the normalized price using per capita income to deflate the price of ith commodity, f ij * is the compensated price flexibility of the ith commodity with respect to a quantity change of the jth commodity, and g i is the scale flexibility showing the effect of the ith commodity price on the proportional change in all quantities demanded. This differential form demand system is a general approximation of conceptual inverse demand relationships in relating to some small change from any given point on the commodity demand surface without imposing any rigid functional form of utility structure. The merit of the demand system is that the estimates can be interpreted as commonly used price flexibilities, and the variables defined in the demand system are the relative changes of prices and quantities, which can be obtained from the available data usually expressed in index numbers. Other inverse demand models such as Eales and Unnevehr (1994) , Grant, Lambert, and Foster (2010) , and Moschini and Vissa (1992) specified some forms of demand systems under the AIDS framework. Although their demand models are capable of generating price flexibilities, the generated price flexibilities may be unstable inasmuch as the price flexibilities are functions of expenditure shares, which are innate stochastic variables in these models. Also, these demand models require the time series data of expenditure shares, which are not easily available.
For empirical estimation, the variables in equation (10) are defined as the amounts of relative changes of the preceding year. The scale variable (s) is calculated first as the geometric expenditure-weighted average quantity indices of all groups in the demand system; that is log s 5 P j w j log q j , where w j is the expenditure share of the jth commodity. Then a reference quantity vector q* is obtained by using the scale variable to deflate a quantity vector q.
All demand equations in the differential form demand system are estimated simultaneously by incorporating the parametric constraints of homogeneity (
, and scale aggregation ( P i w i g i 5 À1), where w i is the expenditure share of ith commodity taken at the sample mean. The negativity condition (f ij * < 0), however, is not incorporated, partly because there is no reduction in the number of parameters to be estimated and thus no gain in asymptotic efficiency of the estimates and partly to avoid introducing parametric inequality constraints that would increase the complexity of estimation. Now the estimated compensated price flexibilities from the inverse demand system can be used as input information for measuring the consumer welfare effects of quantity changes in equations (8) and (9).
Application
The developed methodology for measuring the consumer welfare effects of quantity changes is applied to a U.S. compensated inverse food demand system consisting of 13 food groups and a nonfood sector. The compensated price flexibilities from the estimated demand system are then used as input information for the welfare measurement.
Data Sources
The time series data required for estimation of an inverse food demand systems include per-capita food quantities provided by the Economic Research Service (ERS, U.S. Department of Agriculture, 2009), prices and expenditure shares by the Bureau of Labor Statistics (BLS, U.S. Department of Labor, 2009), and per capital income by the Bureau of Economic Analysis, U.S. Department of Commerce, 2009. All data except for food quantities can be used because they are from the original data sources without any compilation. The per-capita food quantity data provided by ERS, however, need to be aggregated from the original 131 items into 13 groups. The reason for aggregating into 13 food groups is to make the food groups in the quantity data able to match the available food groups of the aggregate consumer price index (CPI) from BLS.
The raw quantity data for per-capita food consumption consisting of 131 food items covering 1953-2008 are aggregated into 13 food groups in the following two steps. First, all quantity data of 131 individual food items are aggregated into 38 food categories by summing up their quantity weights of similar items such as oranges and tangerines into a category. These 38 food categories are conformable with the expenditure share data available from BLS. Second, the quantity data of the 38 food categories are further aggregated into 13 food groups of the weighted-average Laspeyres quantity index series using the expenditure shares from BLS as weights. Ideally, any aggregation over commodities should satisfy the Hicksian composite commodity theorem (Hicks, 1936) that some commodities in consumer budgeting may be aggregated into a single composite commodity if the prices of all those items move in exact proportion over the data sample. The assumption required to justify aggregation, however, is quite stringent and is almost never satisfied for generating the data for use in this study.
In this study, the Laspeyres quantity index series for a food group are calculated as a weighted average index of some 38 food categories within the food group with the expenditure shares of each food category in the base period as weights. Specifically, the quantity index for a food group at time t in the base period can be calculated as a weighted average of individual quantity indexes as follows:
where w 0 i is the expenditure share in the base period of the ith food category. The Laspeyres quantity index series can reflect the importance of expenditures spent for each food group without losing information in the aggregation process. In addition, this process of aggregation for obtaining the quantity index is consistent with the process in measuring CPI by BLS. Therefore, the generated Laspeyres quantity index series for food groups can be matched closely with the price response in CPI.
The selected 13 food groups are 1) meats including beef, veal, and pork; 2) poultry products including chicken and turkey; 3) fish including fresh, frozen, and canned fish; 4) eggs; 5) dairy products including milk and other dairy products; 6) fats including added fats of butter, margarine, and other fats and oils; 7) fresh fruits; 8) fresh vegetables; 9) processed produce, which also includes fruit and vegetable juices and tree nuts; 10) wheat flour; 11) starchy foods including potato, rice, corn flour, and oat products; 12) sugar including all added sugars and other sweeteners; and 13) nonalcoholic beverage including coffee, tea, and cocoa but not including other drinks like carbonated beverages, sports drinks, fruit drinks and other sweetened fruit-flavored drinks for lack of consistent times series for these products.
U.S.-Compensated Inverse Food Demand System
A U.S.-compensated inverse food demand system of equation (10) is estimated by applying the seemingly unrelated regression method available in the SAS program-SYSLIN procedure from SAS Institute Inc. Because the dependent variables expressed in the relative changes of prices are not constrained across equations, the variance-covariance matrix of the error terms in the demand system is not singular, and thus all demand equations can be estimated simultaneously. It is worth noting that some other demand models such as the AIDS model are specified by using expenditure shares as dependent variables in the demand system. Consequently, the sum of expenditure shares across equations is constrained to equal one, causing the variance-covariance matrix of the error terms in the demand system to be singular and requiring the deletion of one of demand equations from direct estimation.
All compensated price and scale flexibilities in the demand system are estimated simultaneously, whereas the parametric constraints of homogeneity, symmetry, and scale aggregation across demand equations are incorporated into the estimation. Although the constraints derived from individual consumer behavior may not hold exactly in the market demand analysis, the potential bias in aggregation is assumed to have a negligible effect on the extension of demand theory from an individual to a market.
The estimates of the inverse food demand system are compiled in Table 1 . Each entry shows the compensated price flexibilities of a food group in the left column with respect to their reference quantities and the scale of quantities at the top of the table. The estimated own-price compensated flexibilities listed in the diagonal entries of the table suggest how much group price must change to induce the consumer to absorb marginally more of that group while maintaining the same utility level in the base period. For example, the compensated own-price flexibilities for meats and poultry products are -0.7003 and -0.8924, respectively. These measures indicate that, for a given utility level, a marginal 1% increase in the quantity of meats would require a price decrease of 0.7%, and the same quantity increase in poultry products would require a price decrease of 0.89%. Among the estimated ownprice and scale flexibilities, 23 of 28 estimates are statistically significant at the 5% probability level.
The estimated compensated cross-price flexibilities showing the substitute or complementary demand relationships are listed in the off-diagonal entries of Table 1 . If a marginal increase of the quantity of one good has a substitution effect on the other goods, the price of the other goods should be lower to induce consumers to purchase the same quantity of that other goods. For example, the compensated cross-price flexibility between the price of meats and the quantity of poultry products is -0.1726, which implies that the two food groups are substitutes. A marginal 1% increase in the quantity of poultry products is associated with a 0.17% decrease in the price of meats to induce consumers to purchase the same quantity of meats instead of substituting poultry products. On the contrary, the compensated cross-price flexibility between the price of fruits and the quantity of vegetables is 0.044, indicating a complementary relationship between these two food groups. Accordingly, in contrast to the cross-price elasticities in a quantity-dependent demand system, the cross-price flexibilities in the table reflect substitution if the sign is negative and complementary if the sign is positive.
The estimated scale flexibilities in Table 1 show the potential response of a food group price to a proportionate increase in the quantities of all groups. For example, the scale flexibility for meats is -1.8649, which indicates that a proportionate increase in the quantities of all groups by 1% would decrease the price of meats by 1.86%. All estimated scale flexibilities are negative and larger than one in absolute value as expected. The scale flexibility, although not income-related, serves as a linkage between compensated and uncompensated inverse demand systems. All income flexibilities in an inverse demand system showing the effects of changes in income on prices are constrained to be unitary values because, for given all quantities demanded, an increase of income would cause all prices to increase at the same rate.
The estimated intercepts are listed in the next to last column. Because the variables defined in the demand system are expressed in relative changes, these intercepts reflect the potential time trends in association with the changes of normalized prices defined as the deflated retail prices by per-capita income. For example, the estimate for the meat group is -0.2977, indicating a downward trend of meat prices over the sample period. Likewise, the estimates for the groups of poultry products and eggs are -1.8399 and -3.1753, respectively, showing much larger downward trends than that of the meat group. The estimate for the group of sugar and sweeteners is 3.0562, however, implying that the prices of this food group had an upward trend over the sample period.
Regarding the goodness of fit of the demand system, the commonly used R 2 for each demand equation is not calculated here because all the demand equations are estimated simultaneously with parametric constraints across equations. In this case, the SYSLIN procedure, however, estimates a special single regression by stacking all demand equations and obtaining a system R 2 of being 0.8728. Because the demand system in this study is not estimated equation by equation, the calculated R 2 associated with each demand equation is not required to be between zero and one as the generally perceived R 2 measure. Accordingly, the root mean square (RMS) percentage errors to sample means of actual observations are calculated to represent the goodness of fit for each demand equation as the following:
where r t , r t *, and r** are, respectively, the levels of actual, projected, and sample mean of normalized prices for a sample period T years. As shown in the last column of Table 1 , most of estimated RMS errors are less than 7% for each demand equation.
Consumer Welfare Measurements
The modified Malmquist-quantity index MQ* of equation (8) is applied to measure the consumer welfare effects of quantity changes in a U.S. inverse food demand system. To evaluate the changes in consumer welfare, it requires the expenditures in the base period, that is (p 0 9 q 0 ) of equation (5), as a basis for comparison. For this study, the real per-capita expenditures in the most recent sample period 2006-2008 are considered as the base period. The yearly average real expenditure data using prices indexed to year 2000 levels for the base period indicate that Americans on average spend $5,926 annually for foods consumed at home by each person, and these expenditures are allocated to meats ($1,224), poultry products ($346), fruits ($459), and vegetables ($342).
For illustration of measuring consumer welfare, an example is given to the quantity changes between meats and poultry products because they are major components (approximately onefourth) of total food expenditures. The estimated welfare effects in response to the quantity changes of meats and poultry products are listed in the upper part of Table 2 with various scenarios for the combined changes in the quantities ranging from 0% to 5%. For example, because of the net effect of interdependent demand relationships, a marginal 5% increase in the quantities of meats would reduce yearly per-capita meat expenditures or incur a consumer welfare gain of $219.17, a saving of the meat expenditure by 17.89%. Similarly, a marginal 5% increase in the quantities of poultry products would reduce yearly per-capita poultry expenditures or incur a consumer welfare gain of $96.20, a saving of poultry expenditure by 27.8%. If both the quantities of meats and poultry products were increased by 5%, percapita total expenditures would decrease by $421.02, a saving of both the meat and poultry expenditures by 26.82%.
Another example of welfare measurement is given to evaluate the quantity changes between fruits and vegetables. As obesity and being overweight continue to increase in the United States, the 2010 Dietary Guidelines for Americans has encouraged Americans to increase fruit and vegetable consumption because diets rich in fruit and vegetables-good sources of vitamins, minerals, and fiber-are associated with reducing some chronic diseases and, more recently, lessening the problem of obesity. Thus, the consumer welfare effects of quantity changes in fruits and vegetables are of interest here. The results of estimated welfare effects in response to quantity changes in fruits and vegetables are shown in the lower part of Table 2 . For example, with a marginal 5% increase in the quantities of fruits, the welfare effect would reduce percapita fruit expenditures or incur a consumer welfare gain of $50.25, a saving of the fruit expenditure by 10.95%. Similarly, a marginal 5% increase in the quantities of vegetables would reduce per-capita vegetable expenditures or incur a consumer welfare gain of $32.12, a saving of vegetable expenditure by 9.39%. Increasing both the quantities of fruits and vegetable by 5% would decrease yearly per-capita total produce expenditures by $72.28, a saving of the produce expenditures by 9.02%.
Conclusion
In this study, a unique approach is developed to measure consumer welfare effects arising from quantity changes in demand by applying the Malmquist quantity index with a linkage to a differential form compensated inverse demand system. All compensated direct-and cross-price flexibilities from the demand system are incorporated into the welfare measurement. The methodology is useful for welfare measurement as shown in empirical application to a U.S. inverse food demand system.
Because different food groups in the demand system are interdependent and intertwined, the methodology has a general application that can be tailored to specific policy analysis by assigning various scenarios of quantity changes in any food group and evaluating their combined welfare effects. For illustration, two examples of welfare measurement are provided concerning the quantity changes between meats and poultry products and between fruits and vegetables. The results indicate that the changes in consumer welfare vary depending on how food quantity changes manifest themselves through the interdependent food demand relationships. As expected, more quantities of foods available in the market causing price decreases can save food expenditures and incur consumer welfare gains. The focus of this study is on developing a method for measuring consumer welfare, whereas the issue of structural change in demand, although important, is not addressed within the scope of this study. Also, the welfare measurement is emphasized on the part of consumers but does not explicitly recognize the supply side of the food markets. An extension of this research to a general demand-supply equilibrium model would be helpful for understanding whether the potential gain of aggregate consumers' welfare in savings can be compensated for the loss of farmers' revenue. Perhaps Samuelson's (1965) theory of mixed demands, which expresses demand relationships as a function of a mixed set of prices and quantities, would be a starting point for the endeavor. More research, however, is needed to identify the parametric constraints that can be implemented for the estimation of a mixed demand model. In addition, determining a priori which prices and quantities are endogenous in a mixed demand system is another difficult task (Stockton, Capps, and Bessler, 2008) . [Received February 2012; Accepted February 2013.] 
